We propose a superlens formed by an ultra-dense array of crossed metallic wires. It is demonstrated that due to the anomalous interaction between crossed wires, the structured substrate is characterized by an anomalously high index of refraction and supports strongly confined guided modes with very short propagation wavelengths. It is theoretically proven that a planar slab of such structured material makes a superlens that may compensate for the attenuation introduced by free-space propagation and restore the subwavelength details of the source. The bandwidth of the proposed device can be quite significant since the response of the structured substrate is non-resonant. The theoretical results are fully supported by numerical simulations.
I. INTRODUCTION
The resolution of classical imaging systems is limited by Rayleigh's diffraction limit, which establishes that the width of the beam spot at the image plane cannot be smaller than λ/2.
The subwavelength details of an image are associated with evanescent spatial harmonics which exhibit an exponential decay in free-space. Classical imaging systems only operate with propagating spatial harmonics, and due to this reason the subwavelength information is irremediably lost.
In recent years, there has been a great interest in approaches that may allow overcoming the classical diffraction limit and enable subwavelength imaging [1] [2] [3] [4] [5] [6] [7] [8] [9] . In particular the "perfect lens" introduced in [1] has received significant attention, due to its promise of perfect imaging. The superlens is formed by a thin slab of a material with either negative permittivity [2, 3] or negative permeability [4] , or both. The mechanism used by the superlens to restore the evanescent spatial spectrum is based on the resonant excitation of surface waves.
In this work, we explore an alternative approach to obtain imaging with subwavelength resolution that does not require materials with negative effective parameters. In our recent work [10] , it was shown that a structured material formed by an array of crossed metallic wires (see Fig. 1 ) has very peculiar properties, and is characterized by an anomalously high positive index of refraction. This property is quite surprising since intuitively one might expect that in the long wavelength limit the material would not support propagating plane waves, and instead would have plasma-like properties. It was demonstrated in [10] , that in reality the material is not characterized by a negative permittivity, but quite differently it may interact with electromagnetic waves as a material with very large positive permittivity. In particular, a slab of the considered material may support ultra-subwavelength guided modes with very short guided wavelengths [10] . These exciting properties have been experimentally verified at microwaves in [11] . Here, we will demonstrate that the resonant excitation of guided modes may enable a "superlensing" effect somehow analogous to the effect obtained using a silver lens [1, 3] .
It is important to mention that arrays of parallel metallic wires have been used before to achieve sub-diffraction imaging [5, 12] . However, in these previous works the imaging mechanism was based on the conversion of evanescent waves into transmission line modes, and did not involve the excitation of guided modes or the enhancement of evanescent waves. Due to this reason, in [5, 12] the source must be placed in the immediate vicinity of the imaging device. Quite differently, in our current proposal the subwavelength spatial spectrum is restored due to the excitation of guided modes. This mechanism enables to compensate for the exponential decay of evanescent waves outside the lens, and permits that the source and image plane are located at a distance from the interfaces comparable to the lens thickness. This is of obvious interest for practical applications, and may enable, for example, to image "buried" objects with subwavelength resolution. This paper is organized as follows. In section II, the geometry of the metamaterial is described and the transfer function of a metamaterial slab is derived using homogenization methods. In section III, it is demonstrated that evanescent waves are enhanced by the proposed superlens. In section IV, we study the imaging of a line source by the metamaterial slab. Finally, in section V the conclusion is drawn. In this work, it is assumed that the electromagnetic fields are harmonic and have time variation of the form e jωt .
II. HOMOGENIZATION OF THE MATERIAL
The geometry of the proposed superlens is depicted in Fig. 1 . It consists of an array of crossed metallic wires embedded in a dielectric substrate with relative permittivity ε h and thickness L. The metallic wires are parallel to the xoz plane and have radius r w .
As described in our previous work [10] , the considered structure can be conveniently analyzed using homogenization techniques. To begin with, we consider a simple plane wave scattering problem such that the incoming electric field is polarized along the x-direction, and the incident wave vector is in the yoz plane, as illustrated in the inset of Fig. 5 . Similar to the results of [10] , the electric field in all space only has an x-component and can be written as (the y-dependence of the fields is suppressed):
where γ h = k 2 y − ω 2 ε h ε 0 µ 0 . As it will be made clear ahead, T (ω, k y ) may be regarded as the "optical" transfer function of the superlens. Dashed lines: full wave simulations obtained with CST Microwave Studio [17] . The angle of incidence is θ i = 15 o , the radius of the wires is r w = 0.05a, and the permittivity of the substrate is
To begin with, we study the frequency response of the metamaterial slab for plane wave incidence. In Fig. 2 the transmission coefficient T is plotted as function of frequency for order to obtain a significant phase delay many of such "small wire dipoles" are necessary, and hence we arrive at the completely symmetric crossed wire mesh configuration shown in panel (c). It is important to note that the array of "added wires" does also support transmission line modes when it stands alone in free-space. However, quite interestingly, such TEM wave is delayed by the original set of wires [represented in panel (a)], precisely in the same manner as the "added wires" delay the TEM wave supported by the original set of wires. In fact, when α = 45 o the crossed wire mesh becomes completely symmetric and the roles of two sets of wires can be interchanged. It is also clear that for symmetry reasons the average electric field inside the artificial material becomes parallel to the incident field when the second array of wires is added to the structure. The described interaction mechanism is the physical reason for the very large index of refraction of the crossed wire mesh. It is important to mention that the crossed wire mesh supports a propagating mode at very low frequencies (with the electric field polarized along the x-direction) only when the two sets of wires are physically disconnected, as assumed here. Indeed, when the two sets of wires are connected it is possible to find a continuous ("zigzag") path along the metallic wires that runs from x = −∞ to x = +∞. This continuous metallic channel would effectively block an incoming wave (with the electric field along the x-direction), and confer the material plasmonic-like properties. Quite differently, when the two sets of wires are nonconnected, any continuous path running along the wires has finite length, and consequently propagation becomes possible at low frequencies.
As shown in [10] , for a fixed frequency the effective index of refraction of the propagating Fig. 2 ), which show a remarkable agreement with our analytical model.
III. ENHANCEMENT OF EVANESCENT WAVES
The high index of refraction of the material may enable the propagation of ultrasubwavelength guided modes [10, 11] . This suggests that a thin material slab may be used to enhance evanescent waves, and in this way obtain a superlensing effect. In order to investigate this possibility in Fig. 4 we plot the amplitude of T as a function of the transverse wavenumber of the impinging wave, k y , for different frequencies of operation ω. The wires are full wave simulations obtained with CST Microwave Studio [17] .
which correspond to the excitation of guided modes. For very low frequencies (not shown in Fig. 4 ), the pole of T = T (k y ) occurs for some transverse wavenumber k y such that k y c/ω is slightly above unity, consistently with the fact that near the static limit most of the energy of the guided mode is concentrated outside the material slab. The remarkable property is that due to extreme effective parameters of the composite material the guided mode may become extremely attached to the metamaterial slab even for extremely long wavelengths. This further helps to enhance the subwavelength spatial spectrum (which is attenuated in the free-space regions) in comparison to propagating plane waves (which propagate with no attenuation in free-space). Indeed, from curve (b) of Fig. 2 it may be verified that ωL/c ≈ 0.3 corresponds to a minimum of T for incidence along the broadside direction. The results of our simulations indicate that the described property is also observed for other lens parameters, and that the value of ωL/c that enables the best imaging is such that T has a minimum for normal incidence. The inset represents the geometry of the artificial material slab.
The enhancement of evanescent waves has a good tolerance to the effect of metallic loss.
In order to demonstrate this, we plot in Fig. 5 the transfer function of a system with the same parameters as the one associated with curve (a) of Fig. 4 , except that now the effect of metallic loss if fully considered. The wires are assumed to be made of silver, which is modeled using a Drude dispersion relation, consistent with the experimental results tabulated in [19] .
It can be noticed that at 5THz [curve (a) in Fig. 5 ] the transfer function of the system formed by silver wires is rather similar to that of a system formed by PEC wires [curve (a) in Fig. 4] . Indeed, at 5THz the skin depth of silver is approximately δ Ag ≈ 27nm while the radius of the wires is r w = 14nm, and since δ Ag /r w is relatively close to unity the effect of metallic loss is still quite moderate. As mentioned before, the effect of metallic loss is negligible provided r w > δ Ag [10] . Thus, we may conclude that the proposed superlens may be feasible at least up to 10THz.
For frequencies below 5THz the conducting properties of silver improve and the transfer function of a scaled superlens formed by silver wires becomes nearly coincident with that of a superlens formed by PEC wires.
IV. IMAGING A LINE SOURCE
To further characterize the imaging properties of the considered structure, in the following we study the canonical problem where an electric line source (infinitely extended along the x-direction) is placed at a distance d 1 above the crossed wires slab (see the inset of Fig. 6 ). is some constant that depends on the line current, ρ is the radial distance to the source, and H (2) 0 = J 0 − jY 0 is the Hankel function of second kind and order zero. Assuming that the metamaterial slab is unbounded along the directions x and y, it is straightforward to find that the electric field at a distance d 2 below the slab is given by the Sommerfeld-type integral:
where γ 0 = k 2 y − ω 2 ε 0 µ 0 , and T is the transfer function of the slab given by Eq. (5). Using the above formula we have calculated the electric field profile at the image plane for an artificial material slab with the same parameters as curve (a) in Fig. 4 We have also studied the performance of the proposed superlens using the commercial electromagnetic simulator CST Microwave Studio TM [17] . The geometry of the structure was taken the same as that of case (i) in Fig. 6 , except that (due to limited computational resources) the width of slab along y was reduced to W = 0.39λ 0 (162 rows of wires). The amplitude of the electric field is represented in Fig. 7 , showing that despite the relatively small aperture of the lens the beam width (measured along the along the y-direction) of the transmitted wave is very subwavelength, consistent with the MoM simulations reported in Fig. 6 . The imaging dynamics can be visualized in the electric field animation reported in [20] . It is interesting to note that despite the propagating spatial harmonics not being matched to the lens, the effects of reflection are hardly perceptible in the field animation.
This happens because the distance between the source and the lens is electrically small (d 1 = 0.04λ 0 ), and interference effects are difficult to visualize within such short distance.
The described superlensing effect is relatively insensitive with respect to variations of the frequency of operation. This is shown in the left-hand side panel of Fig. 8 , where it is seen that for the same design as in case (i) of or λ = 1.1λ 0 . This is a consequence of the non-resonant nature of the effective parameters of the structured material [10] . The variation of the peak level of |E x | with respect to the case λ = λ 0 is less than 8 percent in both cases. The imaging quality is significantly deteriorated only when the frequency of operation is such that ωL/c corresponds to a maximum of T for plane wave incidence along the broadside direction.
Likewise, the imaging properties have a good tolerance to the effect of metallic loss. In the right-hand side panel of Fig. 8 the profile of the imaged electric field is shown for a scaled superlens made of silver wires at λ 0 = 60µm (5THz) and λ 0 = 30µm (10THz). Consistent with the results of Fig. 5 , it is seen that apart from a reduced ripple in the electric field tail (due to the greater attenuation of the guided modes supported by the metamaterial slab), the half power beamwidth remains very similar to the PEC case. The relative amplitude of the transmitted wave with respect to the PEC case is 0.96 at 5THz and 0.84 at 10THz. This suggests that the proposed structure may have exciting applications at terahertz frequencies.
V. CONCLUSION
It was demonstrated that a crossed wire mesh slab may enable a imaging with subwavelength resolution. It was discussed that the extreme effective parameters of the crossed wire mesh permit the propagation of ultra-subwavelength guided modes. These guided modes may be excited by the near-field evanescent spectrum of a given source, and this mechanism, somehow analogous to that characteristic of a silver superlens [1, 3] , may permit the enhancement of evanescent waves and of the near field details. We presented an analytical model that describes very accurately the electromagnetic response of the proposed imaging device. For a specific design, and despite the distance between the source and observation planes and the lens interfaces being comparable to the lens thickness, the resolution λ 0 /8 was demonstrated. The effect of metallic loss was analyzed, and it was shown that it may be relatively mild provided the radius of the metallic rods is kept smaller than the metal skin-depth. It is envisioned that the proposed system may find interesting applications at the microwave and terahertz regimes. 
